A channel estimation method for multiple input multiple output (MIMO)-OFDM with fast fading channels is proposed to increase estimation quality and reduce the computational complexity. Specifically, we use a space-time correlation between channel coefficients, and compensate the ICI term. Since ICI compensation can be obtained without any pilot symbols for target OFDM block, our proposal is practical for realtime systems. The computational complexity is reduced by considering only dominant data symbols.
Introduction
In time varying channels, the distortion of orthogonality between subcarriers results in ICI. If not compensated for, ICI will result in an error floor. Thus, it is necessary to consider ICI when we estimate a channel. To combat ICI, various methods such as interpolation technique [1] , weight fact optimization [2] , and pilot tones based estimation [3] have been studied. However, the estimation scheme with the two step algorithm in [1] has high computational complexity due to considering all data symbols, and the works of [2] , [3] reduce the bandwidth efficiency by combating ICI terms.
In this letter, we propose a channel estimation technique based on ICI compensation. First, we predict channel coefficients using a maximum a posteriori probability (MAP) channel predictor [4] and a space-time correlation between channel coefficients. Then, we estimate data symbol and compensate the ICI term for pilot tones. Additionally, we reduce the computational complexity by considering only the dominant data symbols. We approximate the channel as polynomials and propose the MIMO-OFDM structure with equispaced pilots.
System Model
Consider a MIMO-OFDM system with N T transmit antennas, N R receive antennas, and N subcarriers which employs the quadrature phase shift keying (QPSK) modulation. Let the transmitted symbols as 
T where x t (k) is the transmitted signal by the t-th transmit antenna on subcarrier k and the received symbols as
T where y r (k) is the received signal by the r-th receive antenna on subcarrier k. The transmitted symbols are fed to an IDFT to produce the OFDM signal, and a guard interval is inserted. The guard interval is chosen to be longer than the multipath spread T m of the channel. This waveform is transmitted over the multipath channel and the received signals are demodulated by taking the DFT after removal of the guard interval.
Let T s be the data symbol period. Then, in a timeselective multipath channel with L = T m /T s resolvable paths where 
where Z(p) ∈ C N R ×1 is the additive white Gaussian noise vector and G(p, q) is given by [5] 
where h(n, l) is an N R × N T channel matrix with h r,t (n, l) for path l at time nT s . On the assumption of a wide sense stationary uncorrelated scattering channel, h r,t (n, l) is modeled as a zero mean and equal variance independent complex Gaussian random variable with a correlation between the channel coefficients for path l at times nT s and (n + m)T s as
where f d is the maximum Doppler shift, (·) * denotes complex conjugate and J 0 (·) is the zeroth-order Bessel function of the first kind.
Channel Estimation
To estimate channel, we change the equation
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Then, for each receiver, we can write the received symbol in the p-th subcarrier as follows:
Letting a set of pilot tones P = {P(1), · · · , P(N P )}, we define W P (p,n,l,t) and W D (p,n,l,t) as follows:
with
where
Since we do not know x t (k) for k P, W D p does not contribute to channel estimation. In our system, the initial channel coefficients could be obtained by the pilot OFDM block. The guard interval is transmitted for n = −L + 1, · · · , −1 and the OFDM signal is transmitted for n = 0, · · · , N − 1 in digital domain as shown in Fig. 1 . Assuming that there are no significant changes in channel statistics, we can predict channel coefficients for the next OFDM block by using the MAP channel predictor. Then, the obtained channel coefficients are used to estimate W D p .
Let i denote the block index, andh
r,t (n, l) be the channel coefficients obtained by the MAP channel predictor. To obtainh
In order to obtainh
r,t (n, l), let us define u r,t (n, l) and v r,t (n, l) as
where initial value of u r,t (n, l) is obtained from last M of h
r,t (n, l) is the estimate of h
r,t (n, l) obtained by pilot symbols and ICI compensation in the (i − 1)th OFDM block as shown in Table 1 . Step 1. Compute initial channel coefficientŝ h (0) r,t (n, l) by using pilot OFDM block, and set i=1. Step 2. Use the MAP channel predictor to obtaiñ h
r,t (n, l). Step 5. We obtain the channel vector
† denotes the pseudoinverse of (·)
The covariance matrix of the zero-mean vector v r,t (n, l) can be written as
where (·) H denotes complex conjugate transpose and
In the MAP channel predictor, the prediction value of h (i) r,t (n, l) can be obtained by maximizing its conditional probability density function p[h
For the Rayleigh channels being considered, we can write the conditional probability density function as [4] p[h
where |A| denotes the determinant of matrix of A. By the conjugate derivative of h (i) r,t (n, l), we obtain the estimate of h
h11 is the M × 1 tap weight vector and r h21 , R h11 can be obtained by (3) . This procedure needs to be done during an OFDM block interval, n = −L +1, · · · , N −1. If significant changes in channel statics have occurred, r h21 and R h11 must be updated to reflect such changes. Then, h (i) r,t (n, l) is used to estimate data symbols as follows:
We obtain the estimate of W
Then,
. We use the obtainedX to estimateW p which includes the ICI term, where we used the MAP channel predictor and a space-time correlation between channel coefficients.
T . Then, we rewrite the system model as follows:
However,Ŵ is an N P × NLN T matrix and N P ≤ NLN T . To obtain h as the least square solution, the number of rows of W is larger than the number of columns ofŴ. As it follows from [2] , since the time varying channel can be approximated to the polynomials, the channel model is shown as follows:
whereh q (l) is the polynomial coefficients and Q is the polynomial order.
T . Consider the NLN T × (Q + 1)LN T matrix A such that h = Ah. Then, we rewrite the system model as follows:
whereŴA has a full column rank. The estimated channel vector isĥ
However, since the computational complexity of the proposed method for MIMO system increases with the number of antennas, we want to reduce the computational complexity by using the dominant data symbols. Since most energy of ICI is concentrated in the adjacent off-diagonal terms [6] , we consider only dominant data symbols and estimateŴ with respect to dominant data symbols as follows: 
where 2c is the number of dominant data symbols for each pilot tone in Fig. 2 .
. Then, the estimated channel vector iŝ
Since we consider only dominant data symbols in obtaininĝ W, the computational complexity of the multiplication in (21) is reduced by 2cN T N P where 2cN T N P is much smaller than (N − N P )N T N P .
Simulation
In the simulation, we consider a system with 2 × 2 antennas structure. Quadrature phase shift keying (QPSK) with a symbol rate r b = 2kbaud is used and the entire channel bandwidth is divided into 128 tones. A zero-forcing detection scheme is adopted for BER evaluation because of its low complexity [4] . The fading channel is assumed to have an exponential power delay profile and the paths among all transmit and receive antennas are assumed to be independent. The carrier frequency is 2 GHz and the guard interval is provided to avoid intersymbol interference from channel multipath delay spread. Pilot symbols are inserted equi-spatially at 10% rate with N P = 12 and the maximum delay spread L = 4. The maximum Doppler shift f d of (3) is obtained by using a method presented in [1] . Figures 3 and 4 show the BER performance of the channel estimation method. For comparison purpose, the error rate curve with the conventional channel estimate is also shown in Figs. 3, 4 . Where, the conventional channel estimation means that W D p = 0. In the proposed scheme, the channel estimation quality is improved as c is increased. However, if c becomes larger, the computational complexity is increased but the estimation quality is not increased comparatively. Note that the computational complexity of the proposed method is O ((cN P K) 3 ) while the computational complexity of the conventional method is O ((N P K) 3 ) where K = (Q + 1)LN T N R . Hence, it is necessary to trade off between computational complexity and performance. As shown in Figs. 3, 4 , c = 2 is appropriate in our simulation. Figure 5 shows the effect of window size and polynomial order. Window size, M = 3 is sufficient to obtain parameterh for ICI compensation and polynomial order Q = 1 is sufficient for an acceptable channel design.
Conclusion
We propose the channel estimation method for MIMO-OFDM with fast fading channels. For the ICI compensation, we use the MAP channel predictor and a space-time correlation to predict channel coefficients during next OFDM block period. Since the ICI term can be obtained in advance without pilot symbols, there is no need to know any information for target OFDM block. Additionally, considering the dominant data symbols, we reduce the computational complexity.
